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Today’s diesel agricultural equipment has higher heat loads than in the past.  This is 
due to increased demand of higher horsepower and engine after-treatment components 
needed to meet emissions regulations.  Although the number of components and heat loads 
has significantly increased, the size of the engine compartment, in many cases, has not.  This 
is the challenge for design engineers, to dissipate the additional heat loads with the same 
amount of space as they had previously.  To achieve this goal, each component of the cooling 
system of the machine must be optimized.  This paper focuses on one component of this 
system, the fan shroud and its variable geometry parameters.  In addition to this paper, a case 
study attempts to meet the additional heat loads from a Tier 4 final engine by increasing mass 
airflow by optimizing the fan shroud geometry.   
In this paper, an engine cooling shroud’s variable parameters, intended to affect 
airflow, is explored.  The simplified design space consists of a heat exchanger, hood and 
engine from an AGCO Corporation RoGator T4f machine.  Parameters considered for the 
design space include: shroud curvature, fan insertion depth, shroud depth, fan height, shroud 
curve center and fan tip clearance.  After characterizing the design space parameters by 
simulating points from a sparse DoE and subsequent sampling, a response surface model is 
used for multi-objective optimization.  A Pareto front analysis of the response surface is 
carried out to maximize air mass flow while minimizing fan power.  Furthermore, a genetic 
algorithm is used for single objective optimization of the response surface.  Selected optimal 
designs are simulated using the CFD tool, PowerFLOW, to verify results.   
The results of this paper did not provide an engine shroud with the targeted increase 




does provide an insight into the shroud geometry parameters and their effect and sensitivity 






Off-highway agriculture machinery requires the use of a cooling system to manage 
the thermal byproduct of the machine.  Today’s cooling systems for agricultural equipment 
consist of several heat exchangers layered in planes to form a cooling package.  The number 
of heat exchangers to dissipate heat to the surrounding environment depends on the 
application.  Typically, there is a heat exchanger for the engine coolant, engine oil, 
turbocharged air, hydraulic oil, transmission oil, fuel and air conditioning refrigerant.  These 
heat exchangers dissipate heat by circulating their respected fluid or gas internally through 
the heat exchange while air passes externally through the heat exchanger.  A fan and shroud 
create this airflow through the heat exchangers.  The fan creates a pressure differential, thus 
inducing airflow while the shroud isolates the heat exchangers to amplify the effectiveness of 
the fan by forcing the air to flow through the heat exchangers.  Many applications for 
agricultural equipment are stationary, for instance, a tractor running a pump from its power 
takeoff.  In this situation, the tractor does not have the advantage of ram air, therefore the fan 
must supply all of the required airflow needed to dissipate the required heat.  Thus, the fan 
and shroud are critical components to the performance of the cooling system.  
Today’s diesel agricultural equipment has higher heat loads than in the past.  This is 
due to increased demand of higher horsepower equipment and the engine after-treatment 
components needed to meet emissions regulations.  Although the numbers of components 
and heat loads have significantly increased, the size of the engine compartment, in many 




with the same amount of space as they had previously.  To achieve this goal, each component 
of the cooling system of the machine must be optimized. 
The shroud essentially provides a channel for the fan to connect with the heat 
exchangers.  The general shape of the shroud is quiet simple.  It forms to the rectangular 
shape of the heat exchanger to the circular shape of the fan.  Specific parameters determine 
the general shape of the shroud such as the fan to heat exchanger distance, fan to engine 
distance, fan vertical or horizontal position relative to the heat exchangers, fan insertion 
depth into the shroud, and the fan tip clearance.  These parameters have been optimized and 
researched many times in other papers.  However, the transitional geometry between the fan 
and cooling package, to the extent of the author’s knowledge, has not been studied.  It is left 
completely to the designer’s digression and has a significant factor in fan performance.  This 
paper is to explore the optimal geometry of this section and every other parameter of the fan 
shroud by using a computation fluid dynamic (CFD) based design of experiment (DoE) and 
optimization of an actual application.  This thesis is in conjunction with AGCO 






 BACKGROUND INFORMATION 
T4i Vehicle & Cooling Overview 
The agricultural machine used for this study is an AGCO RoGator.  It is a self-
propelled solid or liquid fertilizer, pesticide, herbicide and fungicide application machine.  
The Tier 4 interim (T4i) RoGator features a hydrostatic powertrain coupled with an 8.4-liter 
inline six-cylinder AGCO Power diesel engine providing up to 339 rated horsepower at 2100 
rpm and 1135 ft-lbs of torque at 1500 rpm.  The engine has a single fixed geometry 
turbocharger and is liquid-cooled.  The exhaust is after treated first by passing through a 
diesel oxidation catalyst (DOC), then diesel exhaust fluid (DEF) is injected, and finally 
passes through a selective catalytic reduction (SCR) to atmosphere.   
The T4i RoGator cooling criteria is to be able to run the machine at rated power with 
no ram air and a 46°C ambient temperature.  In addition, the cabin doors of the machine are 
to be opened, the air conditioning turned on and the blower fan set to its maximum.  This 
means that the radiator (RAD) and hydraulic oil cooler (HOC) must have a limiting ambient 
temperature (LAT) greater than or equal to 46°C.  Other requirements from the engine 
manufacturer include an inlet manifold temperature (IMT) less than 55°C, a charge air cooler 
(CAC) differential of less than 15 kPa, an intake restriction of less than 3.5 kPa and an 
exhaust backpressure of less than 23 kPa.  
Validation testing was conducted in a closed test cell.  The test cell has controlled 
ventilation to optimize air temperature homogeneity through the cell.  The test cell used no 
sun load and no humidity control.  However, humidity was measured and recorded.  The test 




used to calculate the maximum allowable ambient temperature when the test cell could not be 
set to the desired ambient temperature with the following equation:  
𝐿𝐴𝑇 = (𝑇𝑐 − 𝑇𝑡) − 𝑇𝑎 
Where: 
 𝑇𝑐 = Manufacturer’s Maximum Coolant Temperature 
𝑇𝑡 = Top Tank (Thermostat Outlet) Temperature 




T4i LAT Test Results 
Below in table 2.1 are the results from the LAT testing for the T4i machine at rated power.  The fan pulley ratio is 1.1:1.  
However, this machine uses a viscous clutch and at rated power and high ambient temperatures, the clutch slipped down to a ratio 
of about 1.01:1.  All of the test results meet their requirements except for the intake restriction.  This specification is from the 
engine manufacturer and is specified for a clean filter.  Ultimately, the upper limit for intake restriction comes from the reliability 
and longevity of the turbocharger.  This upper limit is then set for the restriction from the intake system and a dirty filter.  By not 
meeting the clean intake restriction from the engine manufacturer, the only effects are the lifetime of the filter and not of the 
turbocharger.  However, a 0.4 kPa difference in restriction will have minimal effect of the filter life.   
  

























max 55.0 15 3.5 23
recommended 2100 1.1:1
min 46 46 46
rpm RPM  °C  °C  °C kPa kPa  °C kPa  °C kW
2100 2114.8 1.01 47.3 54.0 50.1 9.2 3.9 62.3 10.8 41.6 99.3




T4f Vehicle Overview 
 The only major changes from the T4i to the T4f RoGator machine are changes 
to comply with the T4f EPA emissions standards.  To meet these standards additional 
components and heat loads are required.  The T4f engine features a two-stage, waste gate 
turbocharging system with an air-to-water intercooler between the turbochargers.  Exhaust 
gas is cooled by the coolant and recirculated through the intake.  Aftertreatment is the same 
as T4i; first, passing through a DOC, then DEF is injected into the exhaust stream and finally 
the exhaust passes through a SCR to atmosphere.  With the addition of cooled exhaust gas 
recirculation (cEGR) and an inter-stage charge air cooler, the initial estimate for additional 
heat load to the engine coolant is 20%. 
 
T4f Cooling Requirements 
To minimize costs, development and testing time, a requirement was given to keep 
the cooling package the same.  With the cooling package fixed, one has the freedom to 
modify or replace the fan shroud, fan, water pump speed, and fan speed in order to increase 
the cooling capacity by 20%.  
The T4i fan is aggressive and cost favorable.  Replacing the fan for a more efficient 
one would require development time and increase the cost of the cooling system.  In addition, 
the diameter of the fan is at its upper limit because of packaging and shroud manufacturing 
constraints.  The water pump is belt driven and is run from the fan drive hub.  If one were to 
increase the water pump ratio, it would also increase the fan speed.  Increasing both the fan 
speed and the coolant flow would greatly increase the cooling capacity of the system, 




Increasing noise is not favorable and will be avoided.  This leaves us with the fan shroud.  If 
the shape of the shroud were optimized, the fan would operate more efficiently and there 
would be less pressure drop across the shroud.  Thus increasing the airflow and increasing 
the cooling capacity of the system.  
To estimate the additional cooling airflow, which is needed to meet the increase in 
heat rejection, a rough calculation using the radiator manufacturer’s data tables was created.  
See the appendix for the manufacturer’s tables.  The coolant flow rate for the T4i machine at 
rated power, using test data is 4.72 kg/s.  By using the two tables from the manufacturer, an 
interpolated table for 4.72 kg/s is created and shown below in table 2.2.   
 
From high ambient testing, it is known that this T4i engine rejects 99.3 kW of heat at 
rated power.  From the interpolated table 2.2, the cooling airflow needed to reject 99.3 kW of 
heat can be interpolated as well.  The airflow needed is 2.03 kg/s.  Using the same method 
with a 20% increase in heat rejection, the cooling airflow needed increased to 2.52 kg/s.  In 
other words, a 24% increase of mass airflow is needed to meet the 20% increase in heat 
rejection from the engine.  This thesis focuses on the effects and sensitivities of the shroud 
geometry parameters in order to maximize mass airflow to meet the cost and cooling 
requirements for the T4f RoGator machine.  
Table 2.2 – Interpolated Radiator Cooling Data 
 
 
Interior Flow  Cooling Airflow Temp In (Fluid) Temp Out (Fluid) Temp In (air) Heat rejection
[kg/s] [Kg/s] [C] [C] [C] [kw]
4.72 1.89 104 99.19 46 93.70
4.72 2.84 104 97.21 46 132.35
4.72 3.79 104 95.42 46 167.38
4.72 4.73 104 93.78 46 199.44
4.72 5.68 104 92.26 46 228.98
4.72 6.63 104 90.86 46 256.34
4.72 7.57 104 89.56 46 281.77






LITERATURE AND RESEARCH REVIEW 
Smith and Reynolds 
In the paper, “Engine Cooling Fan and Shroud Optimization for Blow-Through 
Operation” by Smith and Reynolds, a blower fan is studied with three different shroud inlet 
geometries, fan insertion depth, and fan to core spacing.  The shroud inlet geometries are as 
follows: box, rounded inlet, and rounded inlet-rounded outlet shrouds.  Two different test 
setups were conducted with each of the different shrouds.  The first setup was only a radiator 
and shroud.  The second setup was a radiator and shroud with downstream restriction.  In 
both test setups the rounded inlet-rounded outlet shroud performed the best followed by the 
rounded inlet shroud.  The rounded inlet-rounded outlet shroud increased airflow as much as 
14% at a given fan speed over the box shroud.  This goes to show that upstream flow and 
shroud geometry are important to airflow performance for a blower fan.  
The fan insertion depth only covered the rounded inlet shroud at a given fan speed 
with the low restriction set up.  Their findings were that the maximum airflow occurred when 
the fan’s discharge edge aligned with the shroud discharge edge.  No other information was 
given about the two other shrouds.   
The fan to core spacing was conducted using the same set up as the fan insertion 
depth test and their results show that the volumetric flow rate does not vary significantly until 
the fan is close (1.5 inches) to the radiator.  What they did not look into is the uniformity of 
the airflow over the radiator.  This can be a significant factor in radiator cooling 




 However, this paper studies the shroud geometry and the effects of airflow of suction 
fans.  Blower fans have a much different airflow characteristic, because they create a positive 
pressure differential in comparison to suction fans which create a negative pressure 
differential.  The important findings from the paper by Smith and Reynolds is that upstream 
and downstream airflow of the fan are important factors in overall cooling performance.  
 
Hallqvist 
In the paper, “The Cooling Airflow of Heavy Trucks – a Parametric Study” by 
Thomas Hallqvist, a heavy on-highway truck cooling system is studied using a CFD 
simulation of a complete truck.  The goal of the paper is to meet a specific level of cooling 
capacity.  It focuses on two points, the system resistance and the fan configuration.  The 
simulations are isothermal and conducted in a large virtual wind tunnel.  The floor of the 
tunnel is modeled as moving ground and the air inlet velocity is set equal to the velocity of 
the moving ground which is fixed at 30 kph.  The wheels of the truck are modeled as rotating 
walls.  The fan is modeled using the multiple reference frame (MRF) methodology with the 
smallest elements located around the fan and shroud, which measure 0.001 m.  The CFD 
software used is PowerFLOW from EXA Corp. and the method used to simulate the solution 
is the Lattice Boltzmann Method.  The heat exchangers and the grill of the truck were 
modeled as porous media to apply resistance to the system.  The cooling package included an 
oil cooler, a condenser, an EGR cooler, a charge air cooler and a radiator.  The fan shroud 
was simplified for simulation purposes.  The actual fan shroud has two parts.  One part is 
mounted to the cooling package and the other is mounted to the engine.  The two parts are 




Two different engine configurations are modeled in the simulation.  One is a V8 and the 
other is an inline six configuration.   
The baseline simulation is of the current truck configuration.  The airflow after the 
fan and shroud generally travel in three different directions, above the engine, down and to 
the front left corner of the machine and down and to the front right corner of the machine.  
Although it is mentioned, there is airflow-recirculating back into the inlet of the cooling 
package.  The issue is not addressed in the paper.  The V8 baseline configuration has a high 
fan position on the cooling package, whereas the inline six has a lower fan position.  This not 
only effects the flow into the cooling package but also the airflow behind the fan.   
By graphing the static pressure loss throughout the cooling system, one can determine 
the weakest link in the system to improve performance and understand the system resistance.  
The results show that for the baseline the pressure loss of the complete cooling package is 
45% of the total pressure loss before the fan.  The radiator accounts for 20%, the front grill 
20% and the shroud 35% of the total pre-fan pressure loss.  By looking at the system 
resistance, it can be seen that the shroud subsystem should be evaluated.  It was noted that 
the small fan to cooling package distance in the baseline resulted in an abrupt change of the 
flow direction and the small radii resulted in separated flows.  These factors contribute to the 
system resistance and influences the flow distribution and overall cooling performance.  
From the baseline, the fan to radiator distance was increased along with the radii, which 
resulted in an increase in mass airflow by 3-4%.  
Two case studies were made to understand the fan-to-engine spacing and its effects 
on performance.  The results obviously depends on the fan and its flow distribution.  When 




through the radiator.  Although the increased space does increase uniformity over the 
radiator, it also acts as a restriction.   
A small study was conducted to evaluate fan position.  To improve uniformity the fan 
was positioned in the center of the cooling package.  This increased pressure distribution and 
airflow uniformity.  However, with this position the engine proves to be a large blockage, 
which increases static pressure and results in an overall loss of 10% in performance.   
Fan projection into the shroud is studied next.  The results of this study depend on the 
type of fan used and the surrounding geometry.  It was found that decreasing the fan 
projection from 67% to 50% resulted in an increase of 1.5% in mass airflow through the 
radiator.  An optimum point of insertion depth is estimated to be between 55% and 60%.   
In conclusion, in this paper it was found that the fan insertion depth and the fan-to-
radiator distance proved to be the most critical parameters.  The shape of the shroud is an 
important factor in a few of the case studies.  However, it was irrelevant in others.  This 
paper also notes that the fan-to-engine distance is not a significant factor in their specific 
study.  This paper provides a good insight for the installation parameters of an entire cooling 
system and their effects on a very specific installation.  However, because it focuses on the 
entire cooling system and a very specific truck configuration, the results are only valid for 
this very specific configuration.  This paper by Hallqvist does not cover all of the shroud 
geometry variables and the scope is too wide to focus solely on the shroud.  By evaluating 
and changing an entire system’s variables, the effects of the shroud geometry become 
dependent to the system.  This thesis simplifies the cooling system and its surrounding 
geometry and focuses solely on the shroud, its geometry and installation parameters to 





Srinivasa, S. & Shome 
In the paper, “Design of Experiments Enabled CFD Approach for Optimized Cooling 
Fan Performance” by Srinivasa and Shome, a cooling package of three heat exchangers, a 
shroud and an axial pusher fan is optimized using CFD.  The design variables are the fan 
insertion depth, fan to heat exchanger distance and shroud chamfer length ratio.  These 
variables are used to maximize the uniformity of the airflow through the cooling package.  
The heat exchangers were modeled as porous media and the fan was modeled using 
the Multiple Reference Frame approach.  The fan speed was kept constant at 1700rpm.  In 
this simulation, the only geometry is the heat exchangers, fan and shroud.  The domain 
boundaries of the CFD simulation are a simple open-ended rectangular tunnel with standard 
atmospheric pressure at the inlet and outlet.  Included in the domain is a partition wall around 
the last heat exchanger to prevent any recirculation.   
The results based on their response surface show that to maximize mass airflow the 
variables, fan to core distance and fan insertion depth, should be maximized and the chord 
length ratio has little to no correlation to the mass airflow.  Using the response surfaces as 
inputs to a desirability function for optimization, the exercise suggested that the optimum for 
maximum mass airflow, maximum uniformity through the heat exchangers and minimum fan 
power is by having the fan insertion depth 100%, a fan to core distance of 210mm and a 
chord length ratio of 0.8.   
This study, although a good reference, uses a welded steel shroud and an axial pusher 
fan, which differs from this thesis.  This thesis uses a more complex geometry shroud 




amount of variables.  Although this study is simplified, it neglects the upstream and 
downstream effects of actual installation parameters, which can have large effects to the 
optimal shroud geometry.  This thesis’ goal is to be simplified enough to not be machine 
specific, but also detailed enough not to neglect upstream and downstream effects to the fan 







 The software used to perform the CFD simulations is a commercially available 
product called PowerFLOW.  “This software uses a discretization of the Lattice Boltzmann 
method on a variable resolution Cartesian volumetric grid, which is automatically generated 
by the software.”  [4] 
 
Geometry Set Up 
 The fluid dynamics of the engine cooling system is what it is called, a system.  
Change one aspect and the entire system changes.  The upstream and downstream geometry 
affects the airflow and cannot be neglected.  However, if the entire vehicle geometry were 
used for the optimization and CFD, then the study would be extremely specific to this system 
and the results would be specific to this machine.  The geometry chosen to use is somewhere 
in the middle.  It is not too detailed to be invaluable for others and detailed enough to be 
valuable for future uses.   
 The upstream geometry includes the hood and a partial chassis frame.  The 
downstream geometry includes the rest of the hood and an engine.  The chassis frame is not 
included downstream since it is a small fraction of blockage compared to the engine and the 
bottom of the machine is open to atmosphere.  Air cleaners, exhaust aftertreatment and other 
components were considered, but not included, due to over-complicating the system and 




 The cooling package was also simplified, because heat exchanger arrangement and 
temperatures can have a large effect on airflow and cooling performance.  By simplifying the 
cooling package, we can isolate the shroud and its performance.  The cooling package was 
reduced to the back plane of heat exchangers and merged to a single heat exchanger.  An 




 The model is split into two volumes with the cooling package being the center of the 
split.  This separation isolates the upstream and downstream flow to prevent any recirculation 
and isolates the parameter sensitivity.  The ambient pressure of the upstream inlet is set equal 









To simulate the resistance of airflow through an object, the object is modeled as a 
single isothermal porous media.  This keeps the simulation time and costs low.  Geometry 
modeled as isothermal porous media include the front and top grill, hood louvers and the heat 
exchanger.  The restriction is set from airflow resistance test data.  
 
Parameter Ranges 
The fan shroud material is a fiberglass reinforced polyester resin consisting of 20-
30% continuous strands of glass content by weight with black pigment.  The shroud is 
manufactured by laying fiberglass and resin over a steel mold.  Once the shroud has been 
formed, it is then trimmed using a water-jet.  The preferred manufacturing guidelines are a 
minimum draft angle of 1.5° and a minimum radius of 8mm in order to pull the shroud off 
the mold.   
The shroud geometry is simply connecting a rectangular cooling package to a circular 
fan.  This rectangle and circle, from a front view, can be seen in Figure 4.2.  From these two 
shapes, a transitional geometry is created.  From a side cross sectional view, see figure 4.3, 
the conventional shroud has a “Z” profile to transition from the rectangular shape of the 
cooling package to the circular shape of the fan.  In some cases, the corner radii of the shroud 





The variable parameters used for this study are based off the machine installation 
limitations and the shroud manufacturing limitations.  Using figure 4.3 as a template the 
parameters are shroud corner radius, fan insertion depth, fan to cooling package distance, 
shroud tip length and shroud base length.  Figure 4.5 outlines the parameters and their ranges. 
 
Figure 4.2 - Front 
View, Rectangle and 
Circle Outline 
 
Figure 4.3 - Conventional 
Shroud Cross Section 
 
Figure 4.4 - Single Curve 





 The parameters ranges are also based on the machine installation limitations and 
shroud manufacturing limitations.  As stated before, the shroud corner radius must be equal 
to or larger than 8mm for the manufacturing process and is the lower limit for this parameter.  
The upper limit for the corner radius parameter is a tangent curve as shown in figure 4.4.  
The insertion depth parameter range was set based on knowledge from previous design work.  
The fan to cooling package minimum range was set based on the viscous clutch supplier’s 
installation recommendation of a minimum distance between the clutch and the cooling 
package.  This is to avoid the unwanted “dead-spot” of airflow caused by the clutch being too 


















Fan to Cooling Package
Shroud Tip Length
Shroud Base Length





cooling package and engine placement are fixed.  In this position, the fan would be mounted 
directly to the fan pulley.   
Unfortunately, these parameters could not be implemented into EXA Corp. software, 
as it is limited in its capabilities.  Instead, their program has a “morph” feature to which the 
following parameters were devised: curvature, fan insertion depth, shroud depth, fan height, 
shroud curve center and fan tip clearance.  See figure 4.6 below.  Even though fan height is 
assumed optimal at the center of the cooling package, this parameter was added in order to 






Parameter Ratios and Morph  
The original fan shroud designed for the T4f machine was used as the baseline and 
then “morphed” to form varying parameters.  The curvature and curve center parameters are 
a ratio from -1 to 1 with the baseline being zero.  The upper and lower limits are the physical 













-1.45 to 1 Ratio
(-89.2 to 61.5 mm Actual)
Shroud Curve Center -1 to 1 ratio
Fan Tip Clearance
-0.216 to .216 Ratio
(4 to 20 mm Actual)
Curvature -1 to 1 ratio
Fan Insertion Depth 30-80%
Shroud Depth
-0,352 to 1 Ratio




with the EXA software and the genetic algorithms (GA).  The fan insertion depth parameter 
stayed the same.  The shroud depth parameter is a modified version of the “fan-to-cooling 
package” parameter.  The upper limit being the fan mounted to the engine with the fan 
inserted 80% into the shroud and the lower limit being the fan 70mm from the cooling 
package with 30% insertion depth.  The parameter range is set with the baseline as zero with 
a ratio varying from -0.352 to 1.  The fan height upper and lower limit is also based on 
manufacturing requirement of the shroud having a 1.5° draft.  With zero representing the 
baseline fan height, a ratio from -1.45 to 1 is used as the fan height parameter range.  The fan 
tip clearance parameter was updated to cut down on the computation time and to a more 
realistic parameter range, from 1-25mm to 4-20mm.  This parameter range is represented as a 
ratio varying from -0.216 to 0.216. 
 
DoE, Response Surface, Sensitivity, Pareto Front, and GA 
Due to the complexity and cost, the development, computation and results of the CFD 
simulations and optimization were conducted by a team of engineers at EXA Corporation.  
Their methodology is proprietary information and was not fully shared for this project.   
First, an array of shrouds is created to characterize the shroud geometry design space.  
These can be seen in figure 4.7.  A response surface model is then created and used for a 
multi-objective optimization of maximizing air mass flow and minimizing fan power.  This is 
done by a Pareto front analysis of the response surface.  Finally, a genetic algorithm is used 




















RESULTS AND EVALUATION 
Design of Experiments 
The characterization results are shown in figure 5.1 with “Run 0” being the baseline 
shroud.  Of the 33 simulations, seven outperformed the baseline.  The results are shown 
below in figure 5.1.  The seven shrouds, which outperformed the baseline, can be seen 
together in figure 5.2.  At first glance, it appears the shroud geometries are random.  
However, there are some key takeaway points from this lineup of shroud geometries.  
 
Run 24 
This shroud uses all of the available given space in the machine by maximizing fan to 
cooling package length and the shroud curve center.  This shroud geometry is similar to the 
traditional sheet metal shrouds.  While effective, is not practical in this machine or any 
compact compartment, as it takes up a tremendous amount of valuable space. 
 
Run 10&33 
Run 10 has minimal curvature.  In addition, the circular shape at one end extends 
toward the cooling package to form a “barrel” feature.  This feature functions similarly to an 
axial tube fan.  It is pulling most of the air from around where the barrel meets the cooling 
package.   
The goal is to have uniform flow across the cooling plane for effective heat rejection.  
The various coolers, which make up the cooling package, are located in different locations, 




shroud would be an additional contributor to the uneven flow.  Run 33 has a similar “barrel” 
feature with a centered curve centerline.  However run 33 maximizes curvature.  This is still 
unfavorable, as the velocity profile of the back of the cooler is the same as Run 10 with low 
uniformity.  
In comparison, the two shrouds are very similar with the exception of the curvature.  
Run 33 with a large curve radius and minimal curve centerline outperforms run 10 and 
appears to have a uniform flow through the cooler.  
 
Run 14, 6, & 32 
These three shrouds have similar geometrical shape, including a minimized curve 
centerline and a maximized curvature.  This shape gives way for a geometry that is 
unexpected.  If you look at the parameter diagram in figure 4.6, a rough outline of a cross-
section of a shroud is shown.  Notice there is three segments, which make up the cross-
section.  Run 14, 6 and 32 shroud geometries have a minimized curve centerline in which 
there is no longer a straight segment coming from the cooling package.  Instead, what we 



























































































































































































Mass Flow (Δ from baseline)  
 










Based on the DoE results, a fan shroud with a minimized curve centerline, maximized 
curve radius, a fan immersion based on the fan manufacturers’ recommendation (or tested for 
its optimum), minimized fan tip clearance, and a maximized shroud depth will provide the 
maximum air mass flow through the cooling package.  
 
Parameter Sensitivity 
 Using the response surface, a sensitivity index was created to compare the effects the 
parameters have relative to fan power and air mass flow.  Figure 5.4 shows a graphical 
representation of the rankings of the parameters relative to fan power.  It is clear that 
immersion has the greatest effect on fan power while the other parameters have very little.  
 





Figure 5.5 shows a graphical representation of the ranking of the parameters relative 
to air mass flow.  Here we can see that tip clearance has the greatest effect on air mass flow, 
followed by fan immersion, shroud depth, fan height, curve center and lastly, curvature.  This 
explains why the shroud geometries that outperformed the baseline from the DoE appear to 
have such different geometries.  The curvature and curve center parameters have a large 
effect on the appearance of the shroud while at the same time have the least effect on the 
mass airflow. 







Genetic Algorithm  
Two genetic algorithms are used for the single objective optimization of the response 
surface for maximizing air mass flow and minimizing fan power.  Below in table 5.1 are the 
results of the genetic algorithms.  
 
 
Figure 5.5 - Parameter Sensitivity Relative to Mass Air Flow 



















Baseline 0 0 0 0 0 0 0.4504 7.46 19.35
GA
Fan 
Power -0.2160 -1.4500 -0.1239 0.3462 0.1530 0.8000 7.07 16.38
Mass 





 The genetic algorithm shows to minimize fan power the tip clearance was maximized, 
the fan placed off-center vertically as much as possible, and the fan immersion was 
maximized.  The objective results are a mass airflow of 7.07 kg/s and a fan power of 16.38 
kW.  This is a 0.39 kg/s decrease in mass airflow and a 2.97 kW reduction in fan power.   
Whereas to maximize air mass flow, the genetic algorithm shows to minimize fan tip 
clearance, center the fan height, minimize the curve center, maximize the curvature and 
immerse the fan to the maximum parameter range of 80%.  The objective results are a mass 
airflow of 8.01 kg/s and a fan power of 19.23 kW.  This is a 0.55 kg/s or 7.4% increase in 
mass airflow and a 0.12 kW reduction in fan power. 
 Although interesting, the minimization of fan power is not as useful as the parameter 
sensitivity considering a few of the parameters are counterproductive to maximizing mass 
airflow.  However, when comparing the parameters between the two genetic algorithms, one 
can then see which parameters support mass airflow and reduce fan power.  This common 
parameter is the fan immersion, which as previous mentioned is the most sensitive parameter 
for fan power.   
 
Pareto Analysis 
A Pareto front analysis was conducted from the response surface for multi-objective 
optimization of maximizing mass airflow while minimizing fan power.  As shown in figure 
5.6, the magenta line shows the Pareto front, which illustrates the optimum for both 
objectives as a compromise of mass airflow to fan power.  Here we can see anything left of 




higher mass airflow.  The orange box shows the response surface predictions that would 
perform equal to or better than the baseline in terms of both mass airflow and fan power.  
Of all of the designs along the Pareto front, 39 of the 46 Pareto optimal designs had a 
fan immersion of 80%.  This goes to show that immersion is a very important contributor for 
both fan power and mass airflow. 
 
 
Full-Scale CFD Results with Updated Shroud 
 Using the information from the optimization a newly designed shroud was created.  
The new shroud replaced the baseline shroud and a full-scale CFD simulation was conducted.  
Figure 5.7 shows the geometry for the “full-scale model”.  It is not the complete machine.  It 
only includes the geometry that has an affects and is affected by the thermal management.  
This is to keep costs and computation time low. 
 




   
 Figure 5.8 shows a side-by-side comparison of axial air velocity through the first 
plane of the cooling package for the baseline and updated shroud.  There is little visible 
difference between the two.  Similarly, figure 5.9 displays the middle plane’s axial air 
velocity and figure 5.10 displays the rear plane’s axial air velocity.  The only visible 
difference in these figures is the decrease in air velocity in the bottom right hand corner of 
the cooler.   
 
 
Figure 5.7 – Full-Scale CFD Geometry 
 







Figure 5.9 - Middle Plane Axial Velocity (Updated shroud left, baseline right) 
 




 Figures 5.11 and 5.12 display a side-by-side comparison, as a cross sectional view 
from the left hand side of the machine, of the airflow velocity and static pressure, 
respectively.  The most noticeable difference is the static pressure build up in front of the 
crankshaft pulley and balancer.  This is caused by the increase in the fan to cooling package 
distance.  This change of distance from the baseline also created a three-sided cavity located 
directly above the shroud.  It is composed of the shroud, coolant tubing and the air cleaner.  
In this area, the baseline airflow can only travel diagonally to the upper right corner of figure 
5.11.  With the addition of this cavity, a second route is available but has nowhere to go.  
This causes recirculation within the cavity, but also with the fan tip as shown in figure 5.11 












Figure 5.13 and 5.14 displays the side-by-side comparison, as a cross sectional view 
from the top of the machine, of the airflow velocity and static pressure, respectively.  There 




     
 
Figure 5.12 - Vertical Centerline Static Pressure (Updated shroud left, baseline right) 
 
     
 





With the updated fan shroud and fan position, the fan consumed 5.6% less power.  
However, the airflow decreased 1.2% from the baseline.  The 5.6% reduction in power is 
believed to be solely from the improved fan immersion while the reduction in airflow is from 
moving the fan closer to the engine, as well as the downstream effects of the additional under 
hood components causing recirculation. 
 
RoGator Final Cooling Solution 
Product management decided the cooling requirement need only to be 43°C instead 
of 46°C.  This decision was made because the sole purpose of this machine is to apply dry or 
wet chemicals.  If the chemicals are applied in high ambient temperatures, the desirable crop 
can be damaged during application.  This means there is no reason for this machine to be at 
rated power in high ambient conditions without ram air.  
The results of the GA optimized shroud showed an improvement of 7.5% in mass 
airflow.  However, the estimated required increase in mass airflow needed to meet the new 
cooling requirements, which shown before, is 24%.  The result of the full-scale CFD 
 
     
 





simulation, with an updated shroud, was even worse with a decrease of 1.2% from the 
original design.  Because the results were not marginally close to the required increase in 
mass airflow, a prototype was never created or tested and another solution was pursued.   
The second solution to increase the cooling capacity without increasing the cooling 
package is a larger fan pulley to increase the fan speed and coolant flow rate.  The coolant 
flow rate is increased by the larger fan pulley, because the water pump is driven from the fan 
pulley.  The results of the LAT lab testing are shown below in table 5.2.  With the increased 
fan speed and coolant flow, the machine was able to meet its 43°C requirement, specifically, 


























max 55.0 15 3.5 23
recommended 2100 1.1:1
min 43 43 43
rpm RPM  °C  °C  °C kPa kPa  °C kPa









Shortcomings and Future Works 
 After receiving the results, it was apparent that 39 of the 46 Pareto optimal designs 
had a fan immersion of 80%.  Both of the GA optimizations also had a fan immersion of 
80%.  This shows the fan immersion parameter range was not properly selected since 80% is 
the upper limit for the parameter.  Future works should include a larger fan immersion 
parameter. 
 For this specific machine and installation, there is ample room between the engine 
and the cooling package.  In many other applications, the distance is quite small.  The effects 
and sensitivity of the parameters would be different if the shroud depth parameter were 
limited.  This shortcoming gives rise to the question of, “What would the transitional 
geometry of the shroud be if the shroud depth parameter were much smaller?”  This 
optimization and study of the shroud geometry based on this parameter is now specific to this 
machine and its engine to cooling package distance.  Future works should include multiple 
optimizations and analysis of varying shroud depth upper limits to understand the effects and 
sensitivity of the given parameters.   
Lastly, as discussed in the DoE results, the parameters vary largely between the seven 
shrouds that outperformed the baseline.  Specifically, these parameters are the fan height, 
curve center and curvature.  The result mass airflow is high.  However, the uniformity of the 
airflow through the heat exchanger is low for multiple shrouds.  An example of this can be 
seen in the side-by-side comparison of the static pressure seen at the back of the heat 
exchanger in figure 5.15.  Run 14, compared to Run 10, has a higher uniformity of airflow 




a centered fan height.  Whereas, Run 10 the fan height is maximized, curve center is near the 
middle, and it has a low curvature.   
 
Although uniformity could not be used as a variable parameter for the DoE, a 
uniformity index could be used for an output for the multi-objective optimization instead of 
fan power.  This would ensure optimal mass airflow and uniformity over the heat exchanger 











SUMMARY AND CONCLUSION 
 The initial results of the DoE showed that the curvature and the curve center are not a 
significant parameter for mass airflow, since the seven shrouds that outperformed the 
baseline were inconsistent.  The results also suggested a non-tradition shroud geometry 
shown in figure 4.3 and 4.4.  Instead, the geometry is more streamlined by removing the 
segment orthogonal to the cooling package as shown in figure 5.3.  Based on the DoE results, 
a fan shroud with a minimized curve centerline, maximized curve radius, a fan immersion 
based on the fan manufacturers’ recommendation (or tested for its optimum), minimized fan 
tip clearance, and a maximized shroud depth will provide the maximum air mass flow 
through the cooling package.  
 The parameter sensitivity showed that fan power is significantly more sensitive to fan 
immersion than the other parameters.  For mass airflow, the most effective parameter is the 
fan tip clearance, followed by immersion.  The curve center and curvature parameters were 
found to effect mass airflow the least.  This supports the results from the DoE and the 
inconsistent results from the seven top performing shrouds.  
 The genetic algorithm result for maximizing mass airflow showed an increase of 
7.4% compared to the baseline.  However, this is not enough mass airflow to meet the 
cooling requirements of the discussed machine.  When comparing the genetic algorithm 
results for minimizing fan power and maximizing mass airflow there is only one common 
parameter that supports both goals, the fan immersion.  Both of the genetic algorithm results 




 The Pareto analysis displays the relation of fan power and mass airflow for the 
baseline, DoE and sampling, and response surface predictions.  The Pareto front displays the 
optimum for both objectives as a compromise of mass airflow to fan power.  It was found 
that 39 of the 46 optimal designs along the Pareto front have a fan immersion parameter of 
80%.  This supports the GA and the parameter sensitivity showing that proper fan immersion 
is essential to minimizing fan power and maximizing mass airflow.   
The full-scale CFD simulation brought this study back to reality to validate this 
paper’s findings.  Although the fan power was reduced by 5.6%, the mass airflow was 
decreased by 1.2%.  The reduction in mass airflow is from moving the fan closer to the 
engine and the downstream effects of the additional under hood components causing 
recirculation. 
In conclusion, the most significant findings of this study are: immersion is a 
significant parameter for both air mass flow and fan power, while curvature and curve center 
location are not as significant as thought and effect the mass airflow the least when compared 
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Interior Flow  Cooling Airflow Temp In (Fluid) Temp Out (Fluid) Temp In (air) Heat rejection
[kg/s] [Kg/s] [C] [C] [C] [kw]
3.938 1.89 104 97.81501913 46 102.6864954
3.938 2.84 104 95.37857543 46 143.0896211
3.938 3.79 104 93.32161291 46 177.1798004
3.938 4.73 104 91.56081211 46 206.3475638
3.938 5.68 104 90.03294526 46 231.6464963
3.938 6.63 104 88.69144668 46 253.8518619
3.938 7.57 104 87.50164403 46 273.5403297
3.938 8.52 104 86.4373264 46 291.1477168
91.34242274
97.67121137
Interior Flow  Cooling Airflow Temp In (Fluid) Temp Out (Fluid) Temp In (air) Heat rejection
[kg/s] [Kg/s] [C] [C] [C] [kw]
5.250 1.89 104 99.32507586 46 103.5098664
5.250 2.84 104 97.43805525 46 145.2528959
5.250 3.79 104 95.81777081 46 181.0784519
5.250 4.73 104 94.40887922 46 212.2175688
5.250 5.68 104 93.16851251 46 239.6226195
5.250 6.63 104 92.06461941 46 264.005154
5.250 7.57 104 91.07307135 46 285.9005353
5.250 8.52 104 90.17540674 46 305.7181988
